A b s t r a c t -The Mossbauer e f f e c t i s a u s e f u l t o o l f o r t h e d e t e r m i n a t i o n of t h e s t a t i c and t h e dynamic s t r u c t u r e o f b i o m o l e c u l e s . T h i s c o n t r ib u t i o n c o n c e n t r a t e s on t h e s t u d y of t h e dynamical p r o p e r t i e s by t h e measurement of t h e Lamb Mossbauer f a c t o r i n a l a r g e t e m p e r a t u r e r a n g e . I n v e s t i g a t i o n s on myoglobin a r e d i s c u s s e d i n d e t a i l . The e x p e r i m e n t a l r e s u l t s i n d i c a t e t h a t above 200 K a new motional d e g r e e of freedom a p p e a r s i n a
d d i t i o n t o t h e u s u a l v i b r a t i o n s . I t may be a t t r i b u t e d t o f l u c t u a t i o n s between s l i g h t l y d i f f e r e n t c o n f o r m a t i o n a l s u b s t a t e s of t h e mol ecul e . I n t r o d u c t i o n t o make oxygen b i n d i n g p o s s i b l e .

The u n d e r s t a n d i n g of t h e f u n c t i o n a l a c t i v iThe Mossbauer e f f e c t can be used a s a met y o f b i o m o l e c u l e s depends on t h e knowt h o d complementary t o t h e X-ray d i f f r a c t i o n l e d g e of t h e i r s t r u c t u r e . X-ray d i f f r a c t i o n a n a l y s i s a s w e l l f o r t h e d e t e r m i n a t i o n of t e c h n i q u e s proved t o be v e r y s u c c e s s f u l f o r t h e s t a l t i c a s of t h e dynamic s t r u c t u r e of t h e d e t e r m i n a t i o n of t h e g e o m e t r i c a l a r r a nb i o m o l e c u l e s . I n t h e c a s e of t h e d e t e r m igement o f t h e atoms i n a m o l e c u l e ( s t a t i c n a t i o n o f t h e s t a t i c s t r u c t u r e , t h e M5ss-
s t r u c t u r e , compare f o r i n s t a n c e / I / ) . Only b a u e r e f f e c t can be used t o s o l v e e x p e r ir e c e n t l y i t was s t r e s s e d by F r a u e n f e l d e r e t m e n t a l l y t h e " p h a s e problem" of t h e s t r u ca l . / 2 , 3 / and P h i l l i p s e t a l . / 4 / t h a t a t u r e a n a l y s i s . The u s e of 5 7~e a s r e f e r e n c e c a r e f u l a n a l y s i s of t h e t e m p e r a t u r e f a c t o r s s c a t t e r e r may a l l o w t o d e t e r m i n e s t r u c t u r e s o b t a i n e d from X-ray s t r u c t u r e d e t e r m i n a t i o n of v e r y l a r g e m o l e c u l e s which c a n n o t be i ncan g i v e d e t a i l e d i n f o r m a t i o n on t h e dynav e s t i g a t e d a t p r e s e n t . The developement of mica1 p r o p e r t i e s of a biomolecule. The i nt h i s method i s s t i l l i n p r o g r e s s . S i n c e a v e s t i g a t i o n of t h e i n s e c t l a r v e hemoglobin r e v i e w o f t h e p r e s e n t s t a t e o f t h e a r t i s of chironomous thummi thummi may be t a k e n j u s t i n p r e p a r a t i o n / 7 / t h i s c o n t r i b u t i o n a s an example f o r t h e i m p o r t a n c e of t h e i s c o n f i n e d t o t h e i n v e s t i g a t i o n of dynamiknowledge of t h e dynamic s t r u c t u r e i n adc a l p r o p e r t i e s of b i o m o l e c u l e s .
d i t i o n t o t h e knowledge of t h e s t a t i c s t r u c -In a.
Mb;ssbauer e x p e r i m e n t t h e resgnan&&. ny8;-.-t u r e . The high r e s o l u t i o n X-ray a n a l y s i s of l e u s s e r v e s a s a probe f o r t h e m o b i l i t y of t h i s oxygen b i n d i n g m o l e c u l e has shown t h a t t h e s y s t e m . The mean s q u a r e d i s p l a c e m e n t t h e channel which c o n n e c t s t h e Op-binding < x~>~ of t h e r e s o n a n c e n u c l e u s can be dec e n t e r of t h e hemoglobin w i t h t h e s u r f a c e t e r m i n e d by m e a s u r i n g t h e Lamb MBssbauer of t h e m o l e c u l e i s t o o narrow t o a l l o w a f a c t o r f ' = e x p ( -4 1 1 w / ; 4 * ) i n a n u c l e a r gamp e n e t r a t i o n of t h e 02-molecule /5,6/. A dyma r e s o n a n c e a b s o r p t i o n e x p e r i m e n t . ( A :
namic o p e n i n g of t h i s channel i s r e q u i r e d wavelength o f t h e employed gamma r a d i a t i o n ) .
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The i s o t o p e 5 7~e i s e x t r e m e l y u s e f u l f o r t h e i n v e s t i g a t i o n o f b i o m o l e c u l e s s i n c e i r o n i s c o n t a i n e d i n a l a r g e number o f b i o -1 o g i c a l i m p o r t a n t s u b s t a n c e s . i n i n a l a r g e t e m p e r at u r e r a n g e /9,10/. The r e s u l t s a r e summa- 2 M I n t h e r e g i o n b e l o w 200 K t h e < x > -v a l u e s a r e t y p i c a l l y f o r i r o n c o n t a i n i n g m o l e c ul e s . D e b r u n n e r e t a l . /8/ t r i e d t o d e s c r i b e a t l o w t e m p e r a t u r e s t h e t e m p e r a - T a b l e 1: Lamb Mossbauer f a c t o r s o f some i r o n compounds a t room t e m p e r a t u r e . (~2)" g i v e s t h e c o r r e s p o n d i n g mean s q u a r e d i sp l a c e m e n t . F o r comparison&ca)X-val ues obt a i n e d e x p e r i m e n t a l l y f r o m X -r a y s t r u ct u r e a n a l y s i s a r e added. 
t h a t t h e Lamb
i r around t h e p r o t e i n . f ' d e c r e a s e d r a p i dl y i f t h e p a r t i a l p r e s s u r e of t h e w a t e r came c l o s e t o t h e s a t u r a t i o n p r e s s u r e . From t h e s e r e s u l t s i t becomes e v i d e n t , t h a t t h e
w a t e r s h e l l around t h e m o l e c u l e d r a s t i c a l l y i n f l u e n c e s t h e f l e x i b i l i t y of t h e whole system. I t s h o u l d be emphasized i n t h i s cont e x t t h a t p r o t e i n s w i t h an enzymatic f u n ct i o n a r e o n l y a c t i v e , i f t h e y a r e s u r r o u nded by w a t e r .
The change of t h e t e m p e r a t u r e dependence of (x2>M shown i n Fig. 1 
i n d i c a t e s t h a t a new
motional d e g r e e of freedom c o n t r i b u t e s r emarkably i n t h e high t e m p e r a t u r e r e g i o n . 
T h i s new channel of m o b i l i t y i g o n l y a v a il a b l e i f t h e m o l e c u l e i s s u r r o u n d e d by a w a t e r s h e l l . In o r d e r t o u n d e r s t a n d t h e p h y s i c a l n a t u r e of t h i s e f f e c t one can t r y t o decompose t h e mean s q u a r e d i s p l a c e m e n t (~3~ of t h e Mossbauer
o r t h e e x p l a n a t i o n of t h e Lamb Mossbauer f a c t o r . In t h e Debye a p p r o x i m a t i o n i t i s p r o p o r t i o n a l t o T above t h e Debye temperat u r e T D and c o n s t a n t i n t h e low t e m p e r a t u r e l i m i t well below TD. D i f f u s i o n p r o c e s s e s
a r e t a k e n i n t o a c c o u n t by (~2 )~. In t h e 2 c a s e of f r o z e n s o l u t i o n s (x )d becomes t h e dominant term well above 200 K . T h i s r educes t h e Mossbauer e f f e c t s o much t h a t i nv e s t i g a t i o n s i n t h e high t e m p e r a t u r e r e g i o n 2 even a t room t e m p e r a t u r e , (x )d can be negl e c t e d i n a good a p p r o x i m a t i o n i f one det e r m i n e s t h e Lamb Mossbauer f a c t o r on pr,ot e i n c r y s t a l s . The u s e of c r y s t a l s has two e s s e n t i a l a d v a n t a g e s . F i r s t of a l l i t a l l o w s t h e i n v e s t i g a t i o n of wet p r o t e i n s a t room t e m p e r a t u r e . O n t h e o t h e r hand t h e i nt e r p r e t a t i o n of t h e o b t a i n e d (x2>M-values i s s i m p l i f i e d .
Let us f o c u s o u r i n t e r e s t i n t h e f o l l o w i n g t o t h e term <x2)c which i n t u i t i v e l y can be made r e s p o n s i b l e f o r t h e a n o m a l i e s . Prot e i n s a r e by no means r i g i d s y s t e m s . The b i n d i n g i s s t r o n g a l o n g t h e p o l y p e p t i d e backbone and weak i n o t h e r d i r e c t i o n s . o c c u r . Large p a r t s of t h e molecule may be t i l t e d o r s h i f t e d a l i t t l e a g a i n s t o t h e r p a r t s . From computer s i m u l a t i o n s / 1 6 / one may s u s p e c t t h a t m o l e c u l e s i n d i f f e r e n t c o n f o r m a t i o n a l s u b s t a t e s have n e a r l y t h e same e n e r g y of t h e ground s t a t e . The t r a nbecome i m p o s s i b l e . S i n c e myoglobin c r ys i t i o n from one s u b s t a t e t o a n o t h e r o c c u r s s t a l s show s h a r p X-ray d i f f r a c t i o n peaks by surmounting a p o t e n t i a l e n e r g y b a r r i e r . comes from a t r a n s l a t i o n o r more p r o b a b l y from a l i b r a t i o n of l a r g e f r a g m e n t s of t h e m o l e c u l e which c o n t a i n t h e i r o n a g a i n s t o t h e r p a r t s of t h e m o l e c u l e .
S i d e c h a i n s make l i b r a t i o n s . S t a r t i n g from t h e f l a s h p h o t o l y s i s d a t a of myoglobin a t low t e m p e r a t u r e s / 1 4 , 1 5 / and from t h e det e r m i n a t i o n of i n d i v i d u a l Debye
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In t h e c a s e of myoglobin i t may be suppos e d t h a t a t l e a s t t h e heme group and t h e proximal h i s t i d i n e i s e n v o l v e d a s a moity i n t h e f l u c t u a t i o n s measured by Mossbauer s p e c t r o s c o p y . Nuclear gamma r e s o n a n c e abs o r p t i o n e x p e r i m e n t s
can i n d i c a t e o n l y t h e motion o f t h e i r o n i n t h e p r o t e i n . B u t t h i s may be t a k e n a s a probe f o r t h e f l e x i b i l i t y of t h e whole system. B e s i d e s of Mossbauer a b s o r p t i o n e x p e r i m e n t s t h e Rayleigh s c a t t e r i n g t e c h n i q u e u s e s t h e Mossbauer e f f e c t f o r a d e t e r m i n a t i o n of ( x~)~. T h i s v a l u e i s an a v e r a g e o v e r t h e mean s q u a r e d i s p l a c e m e n t of a l l atoms o f t h e m o l e c u l e . Rayleigh s c a t t e r i n g i n v e s t ig a t i o n s on myoglobin s u p p o r t t h e p i c t u r e g i v e n above. They prove once more t h e i m p o r t a n c e of t h e w a t e r s h e l l of t h e prot e i n . D e t a i l s a r e g i v e n i n a s e p a r a t e cont r i b u t i o n / 1 7 / .
I t i s i m p o r t a n t t o n o t e t h a t new d e g r e e s
0-f f r e e d o n .f o-r: _m 03 i on.% uh,i c. h cs-n t:r.ib u f e. 
B e s i d e s of t h e p i c t u r e given b e f o r e some o t h e r p o s s i b i l i t i e s f o r an e x p l a n a t i o n o f
t h e t e m p e r a t u r e dependence of (x')~ c a n n o t be r e f u s e d c o m p l e t e l y a t p r e s e n t . In / 9 / t h e l a r g e < x q M -v a l u e s i n myoglobin c r y -
s t a l s were a t t r i b u t e d t o v i b r a t i o n s of t h e who1 e myoglobin m o l e c u l e s around t h e i r mean l a t t i c e positions. T h i s p i c t u r e i s i n cont r a d i c t i o n t o t h e r e s u l t s of F r a u e n f e l d e r / 3 / who d i d n o t found i n d i c a t i o n s f o r a t e m p e r a t u r e dependent d i s p l a c e m e n t o f t h e m o l e c u l e s a s a moity. F u r t h e r m o r e phase t r a n s i t i o n s o c c u r i n g w i t h i n t h e mother l iq u i d of t h e c r y s t a l w i t h o u t any r e l a t i o n t o t h e m o l e c u l e c a n n o t be e x c l u d e d . Inv e s t i g a t i o n s of t h e s e q u e s t i o n s a r e i n prog r e s s .
Simple models f o r a p r e l i m i n a r y q u a n t i t a -
t i v e d i s c u s s i o n
In o r d e r t o g e t some q u a n t i t a t i v e i n f o rm a t i o n s F r a u e n f e l d e r / 3 / t r i e d t o unders t a n d t h e t e m p e r a t u r e dependence of t h e (x2)X-values o b t a i n e d from X-ray s t r u c t u r e a n a l y s i s by assuming a c o n f o r m a t i o n a l pot e n t i a l V*(x) i n which i n d i v i d u a l atoms o r g r o u p s o f atoms move.
x i s t h e d i s t a n c e o f t h e atom o r t h e g r o u p s o f atoms f r o m t h e i r mean p o s i t i o n . C o n f o r m a t i o n a l s u b s t a t e s c o r r e s p o n d t o l o c a l m i n i m a i n V V ( x ) . I n an i s o t r o p i c a p p r o x i m a t i o n one can assume a power l a w
Vv ( x ) = c o n s t x 1 /v ( 2
A t t e m p e r a t u r e s w e l l above a c h a r a c t e r i s t i c t e m p e r a t u r e Tc t h e f l u c t u a t i o n s b e t w e e n c o n f o r m a t i o n a l s u b s t a t e s become f a s t enough and t h e d i f f e r e n t s t a t e s a r e popul a t e d a c c o r d i n g a B o l tzmann d i s t r i b u t i o n . I n t h i s c a s e t h e t e m p e r a t u r e dependence o f <x2> can b e w r i t t e n :
<x2) = con st.^^^ 
( 3 )
A h a r m o n i c p o t e n t i a l c o r r e s p o n d e n s t o d = 0 , 5 . One may a p p l y Equ. ( 3 ) t o t h e ~x~)~-v a l u e s o b t a i n e d f r o m Mijssbauer e xp e r i m e n t s . T h i s i s o n l y m e a n i n g f u l i f t h e t i m e c o n s t a n t vc w h i c h c h a r a c t e r i s e s t h e f l u c t u a t i o n s i s s h o r t i n c o m p a r i s o n w i t h t h e n u c l e a r l i f e t i m e rN o f t h e
I t s h o u l d be n o t e d , however, t h a t t h e
measurements o f I 1 0 1 have a l a r g e e r r o r b a r i n t h i s r e g i o n .
M F i g . 2: l o g ( x )
v e r s u s l o g T
The f o l l o w i n g v e r y s i m p l i f i e d model may g i v e some i n s i g h t i n t o t n e mechanism o f f l u c t u a t i o n s b e t w e e n c o n f o r m a t i o n a l s u bs t a t e s / l o / . L e t u s suppose t h a t t h e p a r t o f t h e m y o g l o b i n m o l e c u l e , t o w h i c h t h e
i r o n b e l o n g s , c a n e x i s t o n l y i n t w o d i ff e r e n t c o n f o r m a t i o n a l s u b s t a t e s L and R.
(x2)! d e s c r i b e s t h e n t h e f l u c t u a t i o n b etween t h e s e s t a t e s , The i r o n moves t og e t h e r w i t h i t s n e x t n e i g h b o u r s o v e r t h e d i s t a n c e d when g o i n g f r o m s t a t e L t o s t a t e R o v e r c o m i n g a p o t e n t i a l b a r r i e r o f
t h e e n e r g y E. The s t a t e R may d i f f e r i n t h e g r o u n d e n e r g y f r o m L b y t h e amount Q.
The shape o f t h e p o t e n t i a l i s q u i t e a r b it r a r y b u t e q u a l a t L and R i n t h e c a s e o f l o w e n e r g i e s . T h e r e f o r e ( x~}~ becomes i d e nt i c a l i n b o t h s t a t e s . I f no c o r r e l a t i o n e x i s t s b e t w e e n t h e v i b r a t i o n a l modes and t h e change o f t h e c o n f o r m a t i o n a l s u b s t a t e s ( x~)~ c a n be o b t a i n e d b y a t e m p e r a t u r e dependence as shown i n F i g . 1 , l i n e a y i e l d i n g a t room t e m p e r a t u r e t h e b r e a s o n a b l e v a l u e f l V = e x p ( -4 T & <x2>, / a 2 ) = 2 M 0.5. Now one c a n u s e t h e ( x ),-value b e t w e e n 225 K and 293 K t o g e t t h e h e i g h t o f t h e pot e n t i a l b a r r i e r b e t w e e n L and R. An i t e - 
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JOURNAL DE PHYSIQUE <x2>c = i < ( x ( t ) -~( t + % ))2)&,v ( 4 ) Q + O c
o m p l i c a t e s t h e p i c t u r e and s h a l l n o t The a v e r a g e has t o b e p e r f o r m e d o v e r t h e t i m e t and a c h a r a c t e r i s t i c t i m
PL and PR i s t h e p r o b a b i l i t y t o f i n d t h e i r o n i n t h e l e f t and i n t h e r i g h t p o s i t i o n r e s p e c t i v e l y , k R (kL)i$th&number o f t r a ns i t i o n s p e r s e c o n d f r o m r i g h t t o l e f t ( l e f t t o r i g h t ) . I n t h e t h e r m a l e q u i l i b r i u m PL.kL e q u a l s PR.kL. I n t h e l i m i t i n g c a s e b o t h s u b s t a t e s h a v e t h e same g r o u n d s t a t e e n e r -
i t t l e f r o m t h e i r m a t h e m a t i c a l c o r r e c t l a t t i c e p o i n t s ( l a t t i c e d i s c o r d e r ) . They
a l s o may be n o t a b s o l u t e l y i d e n t i c a l . S t er i c a l h i n d e r a n c e i n t h e ' u n i t c e l l of t h e c r y s t a l may s t r a i n t h e m o l e c u l e s a l i t t l e .
As a l r e a d y m e n t i o n e d , a t l o w t e m p e r a t u r e s t h e m o l e c u l e s may b e f r o z e n i n d i f f e r e n t c o n f o r m a t i o n a l s u b s t a t e s .
I f one assumes t h a t t h e s t a t i c d i s o r d e r
comes o n l y f r o m p u r e l y t r a n s l a t i o n a l l a t - I f f o r i n s t a n c e i n o u r t w o s t a t e model u s e d i n t h e p r e c e e d i n g c h a p t e r b o t h s t a t e s have t h e same e n e r g y t h e y a r e p o p u l a t e d w i t h e q u a l p r o b a b i l i t y . The p e r m a n e n t f l u c t u a t i o n s b e t w e e n t h e s t a t e s d o n o t i nf l u e n c e t h e X -r a y p i c t u r e . The c o n f o r m at i o n a l t e r m s e e n b y t h e X -r a y s becomes 2 X 2 <x ), = 1 / 4 d and i s t e m p e r a t u r e i n d e p e nd e n t . The t e m p e r a t u r e d e p e n d e n c e o f <xZ): . The f u l l c i r c l e s g i v e t h e e f f i c i e nc y k o f t h e " e l e c t r o n t r a n s f e r i n f o r w a r d d i r e c t i o n " . t e m p e r a t u r e d e p e n d e n c e o f < x P M i s a g a i n s i m i l a r t o t h a t o f m y o g l o b i n c r y s t a l s . A m e a s u r e f o r t h e f u n c t i o n a l a c t i v i t y o f t h e s y s t e m i s t h e e f f i c i e n c y o f t h e " e l e ct r o n t r a n s f e r i n f o r w a r d d i r e c t i o n " . k was m e a s u r e d a s a f u n c t i o n o f t h e t e m p er a t u r e a n d i s a l s o g i v e n i n F i g . 3. A c l e a r c o r r e l a t i o n b e t w e e n ( x q M a n d k c a n be s e e n . The f u n c t i o n a l a c t i v i t y becomes e f f e c t i v e when t h e s y s t e m f l u c t u a t e s m o r e a n d more, S t e r n b e r g , N a t u r e ( 1 9 7 9 ) i n p r i n t
